Edited by Chandra S. Verma p53 is an intrinsically disordered protein with a large number of post-translational modifications and interacting partners. The hierarchical order and subcellular location of these events are still poorly understood. The activation of p53 during the DNA damage response (DDR) requires a switch in the activity of the E3 ubiquitin ligase MDM2 from a negative to a positive regulator of p53. This is mediated by the ATM kinase that regulates the binding of MDM2 to the p53 mRNA facilitating an increase in p53 synthesis. Here we show that the binding of MDM2 to the p53 mRNA brings ATM to the p53 polysome where it phosphorylates the nascent p53 at serine 15 and prevents MDM2-mediated degradation of p53. A single synonymous mutation in p53 codon 22 (L22L) prevents the phosphorylation of the nascent p53 protein and the stabilization of p53 following genotoxic stress. The ATM trafficking from the nucleus to the p53 polysome is mediated by MDM2, which requires its interaction with the ribosomal proteins RPL5 and RPL11. These results show how the ATM kinase phosphorylates the p53 protein while it is being synthesized and offer a novel mechanism whereby a single synonymous mutation controls the stability and activity of the encoded protein.
Introduction
p53 carries out a variety of different functions in response to numerous different signaling pathways to co-ordinate the cellular response to various stresses and damages. To achieve this multi-functionality, p53 is intrinsically disordered and this allows its interaction with over 300 cellular factors that determine the physiological outcome of p53 activation (Meek and Anderson, 2009; Wright and Dyson, 2009; Joerger and Fersht, 2010; Cheok et al., 2011; MacLaine and Hupp, 2011; Kannan et al., 2016; Uversky, 2016; Lopez et al., 2017) . The specificity of the p53 interactome is directed by allosteric changes that are induced by post-translational modifications (PMs) within disordered domains (Tompa, 2002 (Tompa, , 2005 . This structure-function continuum requires a strict hierarchy and hence, where and when the PMs take place on p53 have consequences for how p53 activity is differentiated in response to specific changes in the cellular environment. The best-studied pathway for p53 activation is the double-stranded DNA breaks response pathway (DDR), which leads to the activation of the ataxia telangiectasia mutated (ATM). ATM is a non-covalently linked inactive dimer under normal conditions. Upon activation, ATM dissociates into kinase-active monomers via acetylation modifications of the Cterminus and auto-phosphorylation at serine 1981 (Morgan and Kastan, 1997; Scott et al., 2002; Takagi et al., 2004; Stracker et al., 2013; Lee et al., 2015) . ATM controls p53 activity via phosphorylation on p53 serine 15 p53(S15) as well as on the key p53 regulatory factors MDM2 and its non-redundant homolog MDMX (Banin et al., 1998; Canman et al., 1998; Loughery et al., 2014) .
Under non-stressed conditions, the N-terminus of the E3 ubiquitin ligase MDM2 binds the BOX-1 domain of p53 and promotes p53 polyubiquitination and degradation. However, phosphorylation by ATM on MDM2(S395) switches the activity of MDM2 from a negative to a positive regulator of p53 by allowing the interaction between its C-terminal RING domain with the box-1 p53 mRNA sequence with a subsequent increase in p53 protein synthesis (Haupt et al., 1997; Kubbutat et al., 1997; Maya et al., 2001; Chene, 2003; Chen et al., 2005; Pereg et al., 2005; Naski et al., 2009; Gajjar et al., 2012; Malbert-Colas et al., 2014; Coffill et al., 2016; Karakostis et al., 2016) . In addition to controlling p53 rate of synthesis, ATM also controls p53 stabilization via direct phosphorylation on p53(S15) or indirectly, via Chk2 (Thr18 and Ser20 phosphorylations) that prevent MDM2 from binding to the p53 protein (Meek, 2009; Cheng and Chen, 2010; Loughery et al., 2014) . MDM2 interacts with the ribosomal factors RPL5, PRPL11, RPL23, RPL26, and the 5S rRNA and is implicated in sensing dysfunctional ribosomal biogenesis that can lead to the activation of p53 (Lindstrom et al., 2007a, b; Zhang et al., 2011; Donati et al., 2013; Bursac et al., 2014) .
The interplay between p53 and MDM2 is well conserved during evolution and the p53 mRNA-MDM2 interaction is detected in pre-vertebrates while the protein-protein interaction has evolved in the vertebrates (Coffill et al., 2016; Karakostis et al., 2016) . Animal models show that the phosphorylation of MDM2(Ser394) (Ser395 in human) and a p53-mediated induction of mdm2 expression are required during the DDR, suggesting a critical role of MDM2's negative and positive activities towards p53 (Gannon et al., 2012; Pant et al., 2013) .
The role of synonymous mutations in the origin of different diseases, such as cancer, is becoming increasingly clear (Sauna and Kimchi-Sarfaty, 2011; Gartner et al., 2013; Supek et al., 2014) . However, apart from altering the splicing of the pre-mRNA, the underlying molecular mechanism(s) of how silent mutations can affect the encoded protein are still unclear (Gartner et al., 2013; Supek et al., 2014; Fahraeus et al., 2016) . In this study, we have addressed how the p53 mRNA affects the encoded protein during the DDR. We show that MDM2 via its interaction with the p53 mRNA guides ATM to the nascent p53 protein and that this is required for p53 stabilization. MDM2's function as a carrier depends on its binding to the p53 mRNA as well as on ribosomal proteins. The presented data shed light on the hierarchal order of the regulation of intrinsically disordered proteins and illustrate how the coding sequence of an mRNA and the encoded protein are functionally interconnected.
Results

p53 stabilization following genotoxic stress is prevented by a cancer-derived synonymous mutation in codon 22
Expression of the wild-type p53 protein (p53wt) in H1299 (p53-null) cells showed the expected MDM2-dependent down-regulation of p53 under normal conditions and p53 stabilization following genotoxic stress induced by 0.1 μM doxorubicin (doxo) treatment for 12 h ( Figure 1A) . However, when the p53wt protein was expressed from an mRNA carrying a silent cancer-derived mutation in codon 22 (p53(L22L) CUA to CUG) which averts the binding of the p53 mRNA to MDM2 (Candeias et al., 2008) , we instead observed a further MDM2-dependent degradation of p53 following DNA damage. This increase in MDM2-dependent degradation of p53 proteins expressed from the p53(L22L) mRNA was accompanied by an increase in monoubiquitinated p53 proteins that are not targeted for 26S proteasomedependent degradation ( Figure 1A) . Phosphorylation of p53 on p53 (S15) by ATM plays an important role in averting the interaction of p53 with MDM2. Western blot (WB) using the phosphospecific mAb (Pi-S15) showed, as expected, that the stabilization of p53 derived from the wild-type p53 mRNA in the presence of MDM2 and doxo treatment was accompanied by an increase in Ser15 phosphorylation (Supplementary Figure S1A) . However, the phosphorylation was ∼50% lower for the same p53wt protein derived from the p53(L22L) mRNA while the levels of p53wt expression were ∼70% lower when expressed by p53(L22L) mRNA. The reduced Ser15 phosphorylation levels of p53(L22L) are linked to the total p53 levels ( Figure 1A and Supplementary Figure S1A ). It should be pointed out that other events, such as phosphorylation on Ser20, are also implicated in preventing MDM2 from binding p53. Due to the estimated ratio of RNA:protein (1:3000) (Teufel et al., 2009) , it is unlikely that the p53(L22L) mRNA can affect the stability of the p53 protein outside the p53 polysome. In order to investigate which factors might control the activity of ATM towards p53 at its polysome, we employed the proximity ligation assay (PLA), which provides an in situ semi-quantitative estimation of endogenous molecular interactions/associations of low abundance (Soderberg et al., 2006; Gullberg et al., 2011; Schwanhausser et al., 2011) . This allows us to determine the location of known protein-protein and protein-RNA interactions in the p53 pathway, as well as the location of the p53 (S15) phosphorylation. Employing the PLA in a series of experiments, such as transforming cell lines deficient of p53 (H1299) or ATM (AT5 BIVA) with mutant constructs and inducing gene knockdown, allows us to simulate the induced stress conditions and explore the hierarchy of the events and their interdependence. We used the Pi-S15 mAb and the polyclonal p53 rabbit CM-1 sera to show, by PLA, the expected increase of the phosphorylation at p53 Ser15 following doxo treatment ( Figure 1B) . The specificity of each antibody employed in PLA was confirmed by immunofluorescence (IF), showing the expected immunostainings (Supplementary Figure S1B and C). IF confirmed the predominant nuclear localization of the DO1, the CM1 and the Pi-S15 epitopes of p53 during the DDR. Under similar conditions, the DO-1 mAb predominately cross-reacted with the nuclear fraction of p53, whereas the polyclonal CM-1 detected some cytoplasmic p53. This discrepancy might indicate a partial masking of the DO-1 epitope (residues 11-25) in the cytoplasm (Supplementary Figure S1B ). Additionally, we observed the expected IF staining of MDM2, ATM, RPL5, RPS6, and the p53-binding protein 1 (p53BP1) ( Supplementary Figures S1C) . In control PLA experiments, we observed the expected PLA signals using a variety of p53 targets (CM-1, Pi-S15), the p53 mRNA, p53BP1, and MDM2 (Supplementary Figure S1D ). Using a variety of p53 and MDM2 antibody combinations (DO-1, CM1, and 4B2, anti-MDM2 (Abcam: ab87134), anti-HA tagged MDM2), we observed an average of 70% reduction of p53-MDM2 interactions following treatment with 1 μM doxo for 90 min. Under the same conditions, there was no reduction in the number of interactions in the ATM-null AT5 cells unless an exogenous ATM was introduced ( Figure 1C ). In line with the notion that Ser15 phosphorylation prevents the p53-MDM2 interaction, we did not observe any PLA signal using the Pi-S15 and anti-MDM2 antibodies under any conditions ( Figure 1C) . These data support previous works showing that phosphorylation of p53(S15) by ATM is incompatible with an MDM2-p53 interaction. They also show that the synonymous mutation p53(L22L) prevents the stabilization of p53 following DNA damage, suggesting a connection between the p53 mRNA, the phosphorylation of p53(S15) by ATM and the p53-MDM2 interaction.
Figure 1
The synonymous p53(L22L) mutation prevents ATM-mediated phosphorylation of the nascent p53 protein and p53 stabilization following genotoxic stress. (A) WB using the anti-p53 DO-1 antibody (N-terminal epitope), monitoring the levels of wild-type p53 protein expressed from the wild-type p53 mRNA or from the L22L mRNA in p53-null H1299 in the absence and presence of MDM2 under normal conditions (DMSO) or DNA damage induced by 0.1 mM doxorubicin (doxo). The p53(L22L) mRNA exhibits a low affinity for MDM2 (Malbert-Colas et al., 2014) and the encoded p53wt protein shows a high rate of degradation in the presence of MDM2 following doxo treatment. The quantification values show the relative density of the bands. (B) The PLA using the phosphospecific Pi-S15 mAb together with the anti-p53 rabbit CM-1 shows the subcellular localization of the phosphorylated p53(S15) in transfected H1299 cells. The graph shows that the number of PLA signals per cell increases following DNA damage. (C) PLA shows the subcellular localization of the MDM2-p53 protein-protein interaction in transfected H1299 (p53-null) and AT5 (ATM-null) cells. The silent p53 (sp53) mRNA carrying mutated AUG codons does not express the p53 protein and was used as a control. The number of MDM2-p53 interactions is reduced following DNA damage induced by 0.1 mM doxorubicin (doxo). This was shown using two different pairs of antibodies (DO-1 for p53 and anti-HA for HA-MDM2 or CM-1 for p53 and 4B2 for MDM2). The phosphospecific anti-p53(S15) mAb gave no PLA signal with anti-MDM2 antibody. In AT5 cells, the MDM2-p53 PLA signal was diminished following doxo treatment only after expression of exogenous ATM. The asterisks represent P-values of three independent experiments: n/s, P > 0.05; *P ≤ 0.05; **P ≤ 0 01; ***P ≤ 0.001. Scale bar, 10 μm. The statistical analyses are based on results obtained by at least 50 cells of each experiment. The antibodies used for the PLA are indicated.
ATM phosphorylates the nascent p53 peptide
We next tested if ATM-dependent phosphorylation of p53 takes place at the polysome. We first tested if ATM is present at the p53 polysomes by PLA and antibodies against ATM and FLAG-tagged RPL5. The ATM-RPL5 signal was not observed under non-gentoxic conditions in H1299 cells (Figure 2A ). Expression of a p53 mRNA that lacks the initiation codons (silent p53 mRNA or sp53) and thus does not express the p53 protein, resulted in a cytoplasmic ATM-RPL5 PLA signal following doxo treatment that was severely perturbed when MDM2 expression was suppressed using siRNAs ( Figure 2A) . The efficiency of the mdm2 silencing was confirmed by IF and by WB ( Supplementary Figure S2A and B). Similar results were obtained by testing the ATM-RPL11 interaction (Supplementary Figure S2C ). Interestingly, when we used the sp53(L22L) mRNA, we did not observe the ATM-RPL5 PLA signal at the cytoplasm following doxo treatment (Figure 2A) . These results suggest that ATM's interaction with ribosomal factors in the cytoplasm following DNA damage is p53 mRNA-and MDM2-dependent.
We then treated A549 (p53wt) or H1299 cells with cycloheximide (CHX), which fixes emerging nascent peptides on the ribosome to test the Ser15-RPL5 interaction on endogenous targets or when expressed by exogenous p53wt and FLAG-tagged RPL5. Using the Pi-S15 and anti-RPL5/anti-FLAG antibodies, we observed an ∼2.3-fold increase in cytoplasmic PLA signals following doxo treatment as compared to normal conditions ( Figure 2B ; Supplementary Figures S2D and S3A ). Similar results were obtained using the Pi-S15 and anti-RPL5 in H1299 cells expressing p53 and treated with etoposide, or using the endogenous p53wt and RPL5 interaction in A549 cells treated with doxo (Grover et al., 2009; Hosp et al., 2015) (Supplementary Figure S2D ). Inhibition of ATM using KU55933 (ATMi), or silencing of mdm2, prevented the doxo-dependent increase of endogenous p53-RPL5 PLA signals in A549 cells ( Figure 2B ). In line with this, ATM gave an increased PLA signal following DNA damage with both MDM2 and RPL5, indicating that these targets co-localize at the polysome (Supplementary Figure S2D ).
As free ribosomal factors are instantly imported to the nucleus, these results suggest that ATM is associated with p53 polysomes. To determine if the observed cytoplasmic phosphorylation of Ser15 by ATM indeed occurs on the nascent p53 peptide and it is not derived from free cytoplasmic p53 associated with ribosomes, we deleted codons 1-26 of p53wt and instead fused this sequence to the p53 C-terminus (p53Rev) (Ren et al., 2009 ) ( Figure 2C ). This construct expresses the Ser15 epitope at the C-terminus of the protein and thus it may interact with ATM after its release from the ribosome. The abundance of these interactions on CHX-treated cells will be lower compared to the p53wt where the Ser15 epitope is at the N-terminus. Treating cells with CHX and using the same antibodies as for the p53wt-FLAG-RPL5 interaction (see Figure 2B ), the p53Rev gave ∼8-fold fewer PLA signals as compared to the p53wt following CHX treatment ( Figure 2B and C). The conservation of the epitopes and the expression levels of p53Rev and the p53wt were confirmed and found to be similar by WB (Supplementary Figure S2E ) and by IF (Supplementary Figure S2F ). This indicates that the emerging nascent p53 peptide is phosphorylated by ATM at serine 15, while it is still attached to the ribosome. To further test this, we used sucrose gradients to isolate polysomes from cells expressing p53wt and treated with CHX. We initially fixed polysomes on a 96-well ELISA plate using goat anti-RPL5 antibodies. Using the mouse anti-p53 (Pi-S15) antibody and a rabbit anti-RPL11, we carried out a proximity ligation ELISA (PLEA) on the 96-well plate to demonstrate the presence of the Ser15 epitope on the polysomes (Kd of 35 nM) ( Figure 2D and Supplementary Figure S3B ). Furthermore, we captured p53 polysomes using a chicken anti-p53 serum and we observed PLEA signal with the p53 mAb DO-1 and a rabbit anti-ATM antibody ( Figure 2E and Supplementary Figure S3C ). However, this interaction was not detected when we instead expressed the p53Rev construct, in line with the notion that the C-terminus of the p53Rev protein is largely buried within the exit channel of the ribosome. This shows that ATM is associated with the nascent p53 at the polysomes (Figures 2E; Supplementary  Figure S3C and D). Similar results were obtained by performing the PLA using the DO-1 and anti-ATM antibodies on polysomes captured with goat anti-RPL5 sera (Supplementary Figure S3E) . Taken together, the results so far show that following DNA damage, ATM phosphorylates the nascent p53 peptide while still attached on the translating ribosome in an MDM2-and p53 mRNA-dependent manner.
The p53 mRNA and ribosomal factors govern MDM2's trafficking to the p53 polysome MDM2 interacts with the ribosomal precursor complex RPL5-RPL11-5S and the ribosomal factors RPL23 and RPL26 and since loss of MDM2, or a reduced p53 mRNA-MDM2 affinity, prevent the phosphorylation of Ser15 and p53 stabilization, we next set out to investigate whether MDM2 may guide ATM to the p53 polysome. (Yang et al., 2006; Gannon et al., 2012; Donati et al., 2013; Malbert-Colas et al., 2014) . To test if MDM2's interactions with ribosomal factors play a role in transporting ATM to the p53 polysome, we first tested if MDM2 is present at p53 polysomes following DNA damage. We used the anti-MDM2 4B2 mAb and a rabbit anti-FLAG antibody to carry out a PLA on H1299 cells expressing FLAG-RPL5 and treated with doxo ( Figure 3A) . This resulted in a few PLA cytoplasmic signals. However, when we co-transfected sp53 under these conditions, we observed a dramatic increase in cytoplasmic signals, showing that the p53 mRNA promotes the presence of MDM2 in complex with RPL5 in the cytoplasm ( Figure 3A) . Similar results were obtained using the p53(L22L) construct (Supplementary Figure S3F ). Treating cells with ATM inhibitors (ATMi), or using the sp53(L22L) mRNA, significantly reduced MDM2's interaction with RPL5 in the cytoplasm ( Figure 3A) . Using the anti-MDM2 mouse 4B2 and the anti-RPL5 rabbit antibodies, we observed no endogenous PLA signals in AT5 cells (ATM-null) following doxo treatment unless the exogenous ATM was introduced. Importantly, we observed Figure 2 ATM phosphorylates the nascent p53(S15) peptide. (A) PLA showing that ATM associates with the ribosomal RPL5 protein in the presence of sp53 in H1299 cells in the cytoplasm following doxo treatment. Knocking down mdm2 using siRNA prevents the ATM-RPL5 interaction. The sp53(L22L) mRNA has low affinity for MDM2 and does not support the ATM-RPL5 interaction. (B) PLA using the phosphospecific anti-p53(S15) mAb shows the cytoplasmic association of phosphorylated p53(S15) with RPL5 following DNA damage, using endogenous factors, in A549 cells treated with cycloheximide (CHX). This PLA signal is reproduced in H1299 cells expressing p53wt and the FLAG-RPL5, by using the anti-p53(Pi-S15) and anti-FLAG antibodies. Inhibition of ATM or silencing of mdm2 prevents the (Pi-S15)-RPL5 PLA signal in A549 cells. Following doxo and CHX treatment of p53Rev-expressing cells, there is an ∼6.5-fold decrease in the PLA signal between RPL5 and p53(Pi-S15) epitope, as compared to p53wt. Following CHX treatment, the Ser15 epitope of the p53Rev is buried within the ribosome on stalled ribosomes. (C) The first 36 aa of p53wt were switched to the C-terminus to generate the p53Rev construct. The cartoon illustrates the p53wt and p53Rev constructs. (D) PLEA showing the association of p53(Pi-S15) epitope with RPL11 on purified polysomes from doxo-treated cell lysates fixed with anti-RPL5 antibodies. (E) PLEA showing the association of p53 with ATM on polysomes treated with doxo and captured with anti-p53 antibodies. The p53Rev shows no association, confirming that the association between the p53 Ser15 epitope and ATM occurs at the p53 polysome. Scale bar, 10 μm. n/s, P > 0.05; *P ≤ 0.05; **P ≤ 0 01; ***P ≤ 0.001. The statistical analyses are based on results obtained by at least 50 cells from three independent experiments. FLAG-RPL5, using the anti-MDM2 mAb 4B2 and anti-FLAG. Following DNA damage, the p53 mRNA and ATM kinase activity are required for MDM2 to associate with RPL5 in the cytoplasm. The p53 mRNA promotes the MDM2-RPL5 interaction in the cytoplasm, which is prevented by inhibition of ATM kinase activity (ATMi) or the sp53(L22L) mutant. (A, right) PLA on AT5 and A549 cells using 4B2 and anti-RPL5 antibodies on transfected and endogenous targets, respectively, confirms that the MDM2-RPL5 interaction requires ATM. (B) PLA on transfected H1299 cells using anti-RPS6 (54D2) and anti-MDM2 (ab87134) antibodies. RPS6 does not bind to MDM2 directly and the p53 mRNA induces the association of MDM2 with RPS6 at the cytoplasm, showing that the p53 mRNA is required for MDM2 to reach ribosomal factors during cytoplasmic PLA signals from endogenous MDM2 and RPL5 in A549 cells following doxo treatment, underlining the interaction between ATM and RPL5 in the cytoplasm is not due to over-expression phenomena ( Figure 3A) .
In order to confirm that MDM2 interacts with RPL5 at the ribosomes, rather than with free RPL5 proteins, we employed the PLA to test the interaction of MDM2 with the ribosomal protein RPS6. MDM2 does not bind RPS6 directly (Zhou et al., 2012) and the observed PLA signals in H1299 cells transfected with the sp53, MDM2 and RPS6 and treated with doxo is therefore likely derived from MDM2 in association with the ribosomes (Figure 3B ). This interaction was not observed in the absence of sp53 mRNA ( Figure 3B) . Furthermore, the PLEA assay using the mAb DO-1 and rabbit anti-MDM2 was used on polysomes captured with anti-RPL5 goat antibody to confirm the presence of MDM2 at p53 polysomes ( Figure 3C) . These results support the idea that the p53 mRNA is required for MDM2 to reach the p53 polysome following DNA damage.
We next addressed if ribosomal proteins play a role in transporting MDM2 to the p53 polysome. We introduced the MDM2 (C305F) and the MDM2(C308Y) mutations that prevent the interactions with RPL5 and RPL11 (Lindstrom et al., 2007a, b) . Expression of either of these constructs, in the presence of p53, led to the accumulation of MDM2 in the nucleoli following genotoxic stress (as observed by IF) and the loss of cytoplasmic MDM2-RPL5 and MDM2-RPS6 PLA signals ( Figure 3D and E) . These results show that the interactions of MDM2 with RPL5 and RPL11 are required for the cytoplasmic translocation of MDM2. In addition, WB showed that MDM2(C305F) and MDM2 (C308Y) mutants failed to stabilize p53 following DNA damage in a similar fashion as the L22L synonymous mutation ( Figure 3F , compare with Figure 1A) . Together with previous results, these data suggest that the interactions of MDM2 with the p53 mRNA and RPs are required for MDM2 and ATM to reach the p53 polysome following DNA damage and for the stabilization of p53.
MDM2 traffics the active ATM to the p53 polysome
We next addressed the role of MDM2 in bringing ATM to the p53 polysome. Following doxo treatment, we observed an enhancement of endogenous cytoplasmic ATM-MDM2 complexes in H1299 cells expressing p53wt, as well as in AT5 cells co-expressing ATM ( Figure 4A) . This was prevented when AT5 cells were treated with ATMi or when the ATM(S1981A) mutation, which codes for an inactive ATM protein, was introduced (Hickson et al., 2004) (Figure 4A and Supplementary Figure S1C ); suggesting that an active ATM is required to take the ATM-MDM2 complex to the p53 polysome. When we used the p53(L22L) mRNA and the MDM2(C305F) and MDM2(C308Y) mutants, we observed a loss of the MDM2-ATM complexes in the cytoplasm ( Figure 4B) . It should be noted that MDM2(C308Y) was less efficient in preventing the cytoplasmic MDM2-ATM interaction, as compared to MDM2(C305F). Importantly, when we used the p53(L22L) mRNA in combination with the MDM2(C305F) and MDM2(C308Y), we observed a sharp increase in the nuclear ATM-MDM2 interaction following doxo treatment. This shows that when MDM2 does not interact with ribosomal factors and the p53 mRNA, the stereochemistry of the ATM-MDM2 interaction is preserved, but the translocation of the complex to the cytoplasm is prevented ( Figure 4B) . Taken together, these results are consistent with a model whereby MDM2 serves as a carrier to bring ATM to the nascent p53 following DNA damage and that the trafficking of MDM2 to the p53 polysome requires MDM2 interacting with the p53 mRNA and ribosomal factors.
Discussion
The activation of p53 following DNA damage is orchestrated by ATM and includes an increase in MDM2-mediated p53 synthesis and the suppression of MDM2-mediated p53 degradation. Previous studies have shown that ATM-dependent induction of p53 synthesis involves phosphorylations on MDM2, at residues 395 (394 in mice), which result in its binding to the p53 mRNA and to a consequent increase in p53 synthesis (Kubbutat et al., 1997 (Kubbutat et al., , 1999 Morgan and Kastan, 1997; Maya et al., 2001; Marine et al., 2007; Naski et al., 2009; Marine and Lozano, 2010; Gajjar et al., 2012; Malbert-Colas et al., 2014; Tournillon et al., 2016) . ATM-mediated phosphorylation events at p53 N-terminal residues prevent MDM2 binding and the degradation of p53 via the 26S proteasomal pathway. It was previously shown that the artificial silent mutant p53 TriM mRNA, which carries synonymous mutations in codons 17, 18 and 19 and has an increased affinity for MDM2 under normal conditions, exhibits a higher rate of MDM2dependent translation and interestingly, also a higher rate of MDM2-dependent p53 degradation (Candeias et al., 2008) . Hence, an increase in the MDM2-p53 mRNA interaction and the consequent increase in MDM2-dependent p53 synthesis also give MDM2 access DDR. (C) PLEA showing the association of nascent p53 with MDM2 on polysomes from H1299 lysates treated with doxo and captured with anti-RPL5, confirming that MDM2 is present at the p53 polysome. (D) IF on H1299 cells comparing the predominately nuclear immunostaining of MDM2wt with the accumulation of MDM2(C305F) and MDM2(C308Y) mutants in nucleoli following doxo treatment. These mutants do not interact with RPL5 or RPL11. (E) PLA showing that compared to the MDM2wt, the MDM2(C305F) or MDM2(C308Y) mutants do not interact with RPL5 or RPS6, in the presence of p53wt, on H1299 cells under normal conditions or following doxo treatment. PLA signal numbers are noted for the MDM2wt interactions (positive). Also compare with MDM2wt interactions with RPL5 and RPS6 in A and B, respectively. The interaction of MDM2 and ribosomal proteins is required for MDM2 to reach the p53 polysome (see B). (F) WB shows that p53wt is not stabilized in H1299 cells expressing MDM2(C305F) or MDM2(C308Y) following DNA damage. Scale bar, 10 μm. n/s, P > 0.05; *P ≤ 0.05; **P ≤ 0 01; ***P ≤ 0.001. The statistical analyses are based on results obtained by at least 50 cells each from three independent experiments. to the nascent p53 protein. However, the increase in the p53 mRNA-MDM2 affinity that occurs following genotoxic stress and ATM activation, results in a higher rate of p53 synthesis and to the inhibition of MDM2-mediated degradation of p53. Hence, during the DDR, MDM2-dependent synthesis of p53 does not result in an increase of the p53 turnover. The observation that the p53(L22L), which exhibits a poor affinity for MDM2, expresses a p53wt protein that is degraded via MDM2 following DNA damage underlines the role of the p53 mRNA in controlling MDM2-dependent degradation of p53 (Malbert-Colas et al., 2014) . In fact, during genotoxic stress, MDM2 degrades p53 more efficiently when it is expressed by the p53(L22L) mRNA, compared to the p53wt mRNA. This increase in p53 degradation was initially puzzling but a recent study shows that the phosphorylation at Ser395 promotes MDM2 E3 ligase activity towards p53 in the absence of the p53 mRNA (Medina-Medina et al., 2016) . This indicates that p53 proteins that are not prevented to interact with MDM2 are more efficiently degraded during the DDR.
We employed different approaches to show that ATM indeed phosphorylates the nascent p53 at Ser15. The semi-quantitative PLA data show the association between the Ser15 epitope ribosomal factors in the cytoplasm. The PLEA data confirm that these interactions are associated with the p53 polysome. By placing the Ser15 epitope at the p53 C-terminus (p53Rev) so that it is hidden inside the ribosome's exit channel in CHXtreated cells, we could show that the phosphorylation indeed takes place on the nascent p53 peptide. The presented data on how ATM is brought to the p53 polysome where it phosphorylates p53 Ser15, which results in less MDM2-mediated p53 degradation, offer an explanation to how MDM2 can stimulate p53 synthesis while not targeting p53 for degradation during the DDR. This study focuses on Ser15 and the phosphorylation of this site by ATM but it should be pointed out that other residues surrounding Ser15 are also implicated in preventing MDM2 binding, such as Ser20, and this has not been investigated here. These data add further details to the existing model by which ATM activity controls MDM2's switch from being a negative to becoming a positive regulator of p53 following genotoxic stress.
An important aspect of this work was to investigate how ATM reaches the p53 polysome following DNA damage. There are several data supporting the notion that MDM2 bound to the p53 mRNA brings ATM to the p53 polysome. For example, by silencing mdm2, or by averting the MDM2-p53 mRNA interaction, ATM was prevented from reaching the p53 polysome. Furthermore, ATM is activated by auto-phosphorylation Ser1981 and phosphorylates MDM2 at Ser395 which develops an affinity for the p53 mRNA hence following DNA damage, we could observe a p53 mRNA-dependent cytoplasmic association of MDM2 together with RPL5 and RPL11.
The presented data also shed light on the interaction between MDM2 and ribosomal factors RPL5 and RPL11. It has previously been shown that free RPL5 and RPL11 can prevent MDM2mediated degradation of p53 via direct interactions. However, the fact that the PLA signals of the MDM2-RPLs interactions were observed in the cytoplasm we initially hypothesized that these interactions can also take place on the ribosome. To address this, we observed that MDM2 associates with the RPS6 in the cytoplasm, despite the fact that RPLS6 does not bind MDM2 directly. Additionally, PLEA data confirmed that MDM2 is at the p53wt polysome and that this requires ATM activity. When MDM2 does not interact with the p53 mRNA and ribosomal factors, it accumulates together with ATM in the nucleoplasm, showing that the p53 mRNA is not controlling the interaction between ATM and MDM2 but, rather, that the RNA is required for MDM2-ATM trafficking. This is in line with a previous report showing that SUMOylated MDM2 is localized to the nucleoli in a p53 mRNAdependent fashion (Gajjar et al., 2012) .
The fact that MDM2 is associated with the p53 polysome and was previously shown to bind to the RPL5-RPL11-5S preinitiation complex suggests that ribosomal factors play a role in bringing MDM2-ATM to the p53 polysome. In support of this, we observed that mutations in MDM2 that prevent MDM2 from binding RPL5 and RPL11 (C305 and C308, respectively; Zhang et al., 2011) resulted in an accumulation of MDM2 in the nucleoli and prevented MDM2-mediated induction of p53 synthesis. Importantly, these mutations also prevented MDM2-mediated synthesis of p53 and the stabilization of p53 following DNA damage in a similar fashion as the p53(L22L) mRNA. We noticed that even though both C305F and C308Y mutations show qualitatively similar results, the MDM2(C305F) mutant shows a more dramatic effect on the stabilization of p53, as compared to the effect of C308Y mutation. This could be due to differences in the affinity of each mutant for RPL5 and RPL11. This is also suggested by data showing that the MDM2(C308Y) mutant is less effective in preventing MDM2 from bringing ATM to the p53 polysome.
Altogether, these data suggest a model of how ATM reaches the p53 polysome in order to phosphorylate p53 at Ser15 to allow MDM2 to stimulate p53 synthesis and at the same time to prevent MDM2 from targeting the nascent p53 for degradation during the DDR (Figure 5) . This model starts with ATM phosphorylating MDM2 at Ser395 thus inducing allosteric changes in MDM2 that allow its binding to the nascent p53 mRNA. This phosphorylation event also induces a conformational change to promote an MDM2-ATM interface. The p53 mRNA is required for MDM2 to reach the nucleoli where the interaction between MDM2 and ribosomal factors takes the p53 mRNA-MDM2-ATM complex to the p53 polysome. It is plausible that these ribosomal factors function as part of the pre-initiation complex (RPL5-RPL11-5S), which has previously been reported to bind MDM2. This model suggests that not only does ATM act on the nascent p53 mRNA by promoting MDM2 binding but it also acts directly on the nascent p53 protein ( Figure 5) . P53 is an intrinsically disordered protein that is posttranslationally modified on over 60 different residues by different classes of enzymes in response to different signaling pathways and interacts with several hundreds of cellular factors. Post-translational modification patterns of p53 are hierarchical and synergistic and govern the interaction with cellular factors in a chain of events characteristic for functional differentiation of intrinsic disordered proteins (Lambert et al., 1998; Tompa, 2002; Uversky, 2016) . Hence, the timing and location of p53's posttranslational modifications have consequences to what factors p53 interacts with and, ultimately, to the activity of p53 in response to different stress pathways. For example, the Ser15 phosphorylation plays a key in controlling phosphorylation events on p53 that control the interaction with MDM2 but also in promoting the interaction with CBP/p300 and the acetylation of Cterminal lysine residues. Ongoing studies aim to address how these events and p53 activity are affected by the MDM2-and ATM-dependent phosphorylation of the nascent p53 (Saito et al., 2003; Marechal and Zou, 2013) . One interesting possibility is that the activation of MDM2 E3 ligase activity towards p53 via phosphorylation of MDM2 at Ser395 and in the absence of the p53 mRNA may stimulate the degradation of p53 proteins that are not differentiated towards the DDR.
Finally, it is worth mentioning that synonymous mutations are increasingly associated with cancer and other diseases (Fahraeus et al., 2016) . However, apart from splicing and microRNA, the underlying molecular mechanisms of how synonymous mutations can affect the encoded proteins remain poorly understood. A single synonymous mutation alters the activity of the MDR gene which has been attributed to an effect of slow versus fast codon usage impacting on the protein folding, without though ruling out that changes in protein folding may be attributed to the mRNA that employs factors to the nascent protein, thus playing a role in its folding (Kimchi-Sarfaty et al., 2007) . The fact that the p53 mRNA affects the stability of the encoded protein by bringing an enzyme to modify the nascent peptide offers a new mechanism whereby mRNAs can affect the encoded proteins and sheds light on the role of mRNAs as regulatory molecules in cell signaling pathways. These data suggest that analyses of disease-producing genomes using next-generation sequencing might reconsider the evaluation of how synonymous mutations impact on the phenotype.
Materials and methods
Plasmids and recombinant proteins
Plasmids were cloned using the pcDNA vector for eukaryotic expression. In occasion, FLAG tags were also fused at the 5′ of the CDS as indicated. Each cloning was confirmed by direct sequencing. The plasmids, pcDNA-p53 and pcDNA-mdm2 containing the full-length CDSs, have been described previously (Komatsu et al., 1996; Malbert-Colas et al., 2014) , while the plasmids pcDNA-mdm2-C305F and pcDNA-mdm2-C308Y have been previously prepared and kindly gifted by Prof. Hua Lu (Department of Biochemistry & Molecular Biology and Tulane Cancer Center, Tulane University School of Medicine).
Transient transfection of H1299, AT5, and A549 cells
The cell lines H1299 (human non-small cells lung cancer, not expressing p53, CRL-5803, ATCC), AT5 (not expressing ATM) (Matsuura et al., 1997; Gandin et al., 2014) , and A549 (human lung carcinoma, CCL-185, ATCC) (Komatsu et al., 1996) were used. H1299 cells have a basal ATM activity level that is further induced following DNA damage. Each cell line was tested authenticated by PCR and was periodically tested for mycoplasma infection. Cells were incubated at 37°C, 5% CO 2 in RPMI medium (for H1299) or DMEM medium (for AT5 or A549), supplemented with antibiotics, and with 2 mM L-glutamine (Gibco/Invitrogen) and 10% fetal serum (Hyclone). Cells were transfected with small amounts of DNA (a total of 100 ng/ml plasmid DNA). In the compared samples, the cells were transfected with the same transfection mix and the total pcDNA3 concentration was equilibrated. The comparisons were exclusively made in samples of individual experiments using the same cell line and run under the same conditions. The expression of individual constructs was determined using IH. Cells were treated with DMSO or 0.5-1 μM Doxorubicin for 1-16 h causing genotoxic stress with or without 15 μM ATM inhibitor (KU55933) (Ofir-Rosenfeld et al., 2008) for 16 h, or treated with 100 μM 4-Thiouridine (4SU) for 14 h if used in UV fixation, in the presence or absence of 25 μg/ml protease inhibitor MG132 for 2 h, or treated with 5 μg/ml Cycloheximide (CHX) for 1 h for translation inhibition and ribosome fixation. Subsequently, they were either fixed in 4% PFA and used in immunohistochemistry or PLA or cross-linked by irradiation with 0.15 J/cm 2 total energy of 365 nm UV light and stored at −80°C before used in western blotting or co-immunoprecipitation assays.
siRNA transfection
Cells were transfected with siRNAs targeting mdm2 or a control siRNA at a final concentration of 5 nM using the HiPerFect transfection reagent (Qiagen) and the FlexiTube GeneSolution siRNA against mdm2 (GS4193, Qiagen).
Polysome fractionation
Sucrose solutions (5% and 50% wt/vol) were prepared in polysome lysis buffer (50 mM HEPES pH 7.4, 100 mM KCl, 5 mM MgCl 2 ). The 5%-50% wt/vol linear sucrose gradients were freshly casted on SW41 ultracentrifuge tubes (Beckmann) using the Gradient master (BioComp instruments) following manufacturer's instructions (Guo et al., 2010) . Twenty-four hours post-transfection, H1299 cells (of 80%-90% confluency) were treated with 100 μg/ml CHX at 37°C for 5 min and then washed twice with 1× PBS (Dulbecco modified PBS, GIBCO) containing 100 μg/ml CHX. Cells were then scrapped and lysed with polysome lysis buffer (50 mM HEPES pH 7.4, 100 mM KCl, 5 mM MgCl 2 , 0.1% NP-40, 1 mM DTT, 100 μg/ml CHX) using narrow gauge syringes and spin at 5000 rpm at 4°C for 10 min. Lysates were then loaded on a sucrose gradient and centrifuged with a SW41 rotor at 36000 rpm, at 4°C for 2 h. Polysomes were then fractionated in 0.5 min intervals, using the Foxy R1 fraction collector (Teledyne ISCO). The polysomes were pooled and concentrated by Millipore tubes at 4000 rpm.
Immunochemistry and the PLA
Cells were grown on sterilized glass slides in a 24-well plate, transfected and fixed in 4% PFA for IF and PLA. After three washes with PBS for 10 min and incubation with blocking buffer (3% BSA, 0.1% saponin in PBS), samples were incubated with primary antibodies for 2 h at room temperature (RT). The antibodies used were: the DO-1 mouse antibody recognizing the N-terminal of p53; the CM-1 rabbit antibody cross-reacting with p53; a chicken anti-p53 antibody, prepared by Biosan in collaboration with Prof. Mó nica Marín (Biochemistry-Molecular Biology, Facultad de Ciencias, Universidad de la Repú blica, Montevideo); the mouse Ser15 phosphospecific anti-p53(S15) antibody (16G8; Cell Signalling); the 4B2 anti-MDM2 mouse (prepared in collaboration with Dr Borivoj Vojtesek at RECAMO, Brno) and rabbit (ab87134; Abcam) antibodies; the anti-HA tag antibody (Abcam), the anti-FLAG tag antibodies (2368 S; Cell Signalling and ab18230; Abcam), the anti-ATM antibody (Thermofisher); the rabbit anti-RPL5 antibodies (PA5-27539; Invitrogen and C2114; Santa Cruz); the rabbit anti-RPL11 antibody (K1210; Santa Cruz) and the anti-RPS6 antibody (54D2; Cell Signalling). All antibodies were used in a dilution of 1:200. For IF detection, cells were incubated with Alexa-488-conjugated (Invitrogen) anti-rabbit antibody and Alexa Fluor-633-conjugated (Invitrogen) anti-mouse antibody. For the PLA, the PLA RED kit (Sigma) was used and the method described previously was followed (Weibrecht et al., 2013; Koos et al., 2014) . DAPI was used for the labeling of the nucleus. Images were captured using 640 nm filters; or, when higher resolution was needed, by confocal microscopy. Each sample was tested in triplicates and the PLA signal dots were counted by the ImageJ software. For each sample, the counted cytoplasmic signals were localized in individual cells, as observed by visible-light microscopy, during the capturing of each image. DAPI staining was used to determine nuclear signals and for each sample, we counted dots in 50 cells randomly selected during the imaging. This was repeated in at least three independent experiments. As a transfection control, cells were co-transfected with GFP. In the cases, transfection was required for the assay, non-transfected cells were excluded from the statistical analyses. The values were used for the preparation of a graph and for statistical analysis to calculate the mean, the standard deviation and the one-tailed P-values using the GraphPad Prism 5 software. The asterisks in the graphs of the figures represent P-values of three independent experiments, as follows: 'n/s' for P > 0.05; '*' for values P ≤ 0.05; '**' for values P ≤ 0 01; and '***' for values P ≤ 0.001. The statistical analyses are based on results obtained by at least 50 cells of each experiment.
PLA ELISA
The concept of the PLEA is to combine the PLA with the ELISA in order to obtain quantitative values, which can be used for the preparation of a graph and the calculation of the affinity of the interactions under study. The PLEA technique offers the possibility to study the interaction of three molecules, by using three primary antibodies. The capture antibody is used to capture the complex on the well plate and a set of two more antibodies is used for the amplification of the PLA signal. Here we used either a chicken anti-p53 antibody (home-made, against full-length p53wt) or the goat anti-RPL5 antibody (C2114; Santa Cruz). The 96-well ELISA plates were incubated with the capture antibody at a dilution of 1:200, o/n, at 4°C. Then the plates were blocked with 5% BSA in PBS, o/n, at 4°C, and were incubated with serial dilutions of the polysomal fractions in 3% BSA in PBST, o/n at 4°C. The plates were then washed six times with PBST (0.1 M tween in PBS) and a set of primary antibodies developed in rabbit and mouse was used at a dilution of 1:200, for 2 h, at RT. After washing six times with PBST, samples were incubated with the PLA secondary antibodies and the PLA RED kit (Sigma) was used, following the manufacturers' instructions with modifications. Samples were incubated with the set of the detection of secondary PLA antibodies (anti-mouse and antirabbit) for 1 h at 37°C. The excess of antibodies was washed out six times with PBST and samples were incubated with 0.5 μl ligase for 30 min at 37°C and washed six times with PBST. Samples were incubated with the Φ29 DNA polymerase for 2 h, at 37°C and washed six times with PBST. Each sample was tested in triplicates. The fluorescence (640 nm) excitation and emission was measured by the FLUOstar plate reader. The values from three sample replicates and three independent experiments were used for the preparation of a graph and for statistical analysis to calculate the mean and the standard deviation using the GraphPad Prism 5 software.
Western blotting
Cells were harvested and identical amounts of whole lysates (prepared in lysis buffer: 20 mM HEPES-KOH pH 7.5, 50 mM beta-glycerophosphate, 1 mM EDTA pH 8, 1 mM EGTA pH 8, 0.5 mM Na 3 CO 4 , 100 mM KCl, 1% Triton X-100, 10% glycerol) and resolved in 10% SDS/PAGE gels (Invitrogen) and transferred onto nitrocellulose membranes. Blots were incubated with one of the primary antibodies: anti-p53 (DO-1; CM-1; RECAMO), anti-MDM2 (4B2; RECAMO); anti-p21 Waf1/Cip1 (2947; Cell Signalling) and anti-Hsp70 (C92F3A-5, Santa Cruz) and subsequently incubated with corresponding secondary HRP antibodies (DAKO). The films were developed and scanned or the membranes were analyzed by the My ECL Imager (Thermo Scientific). The quantifications were calculated by ImageJ and they express the relative density of the bands (relative values normalized with the Hsp70 values).
Protein-protein sandwich ELISA
For the protein-protein sandwich ELISA, the protocol by Abcam was followed. The DO-1, 4B2, and anti-His primary antibodies were used with the corresponding secondary anti-IgG HRP antibodies. Each sample was tested in triplicates in three independent experiments and the Prism software was used for the calculation of the SD and the preparation of the graphs.
